Introduction
============

Light provides new opportunities as a noninvasive and controllable tool for biological studies because of its unparalleled precision both temporally and spatially.[@cit1],[@cit2] Optogenetics has revolutionized the field involving the use of light to regulate the neuronal activity in biological systems as complex as live animals.[@cit3]--[@cit5] In particular, molecular photoswitches (*e.g.*, diarylethene (DAE), azobenzene, and spiropyran), which undergo a reversible structure change upon light irradiation, have attracted great attention for biomedical applications, such as photocontrolled cell adhesion,[@cit6] bioimaging,[@cit7]--[@cit12] and drug release.[@cit13]--[@cit15] For example, photoswitchable fluorescence probes, whose fluorescence can be modulated from a bright-to-dark or two color state through light control, have been developed for bioimaging with improved resolution and specificity.[@cit7]--[@cit12] More recently, the employment of molecular photoswitches for controlling the action of therapeutics has enabled the emerging field of photopharmacology.[@cit16]--[@cit20] These switching units allow for remote control of the function of bioactive molecules with light, and thus could reduce off-target activity and achieve high precision in treatment.[@cit16]--[@cit20] Photopharmacology has been explored for various therapeutic applications, including antimicrobials,[@cit21]--[@cit23] cancer therapy,[@cit24] and regulation of neuronal networks.[@cit25],[@cit26] However, such applications are often limited to cultured cells because most molecular photoswitches require UV and visible light for deactivation/activation, and are not effective *in vivo*. Development of new photopharmacological systems with higher potency and better *in vivo* properties would significantly expand the toolbox of this technology.[@cit16],[@cit20]

In biomedical studies, singlet oxygen (^1^O~2~) is of great importance due to its crucial role in the cell-killing mechanism of photodynamic therapy (PDT), a valuable phototherapy modality for a variety of cancers.[@cit27]--[@cit29] In PDT, ^1^O~2~ is the cytotoxic agent which is immediately produced upon excitation of a photosensitizer (PS), leading to direct damage of the targeted region.[@cit27] Nevertheless, ^1^O~2~ could cause direct and non-specific damage to the cells containing the photosensitizers under daylight exposure. Hence, on-demand control of ^1^O~2~ generation is highly necessary for biological studies and precision medicine.[@cit30] Recently, the employment of additional stimuli for "off--on" switching of light-excited ^1^O~2~ generation was proposed to minimize systemic toxicity and to enable enhanced safety of PDT.[@cit30]--[@cit32] In particular, the principle of photopharmacology was introduced for light-mediated dynamic control of ^1^O~2~ generation based on intermolecular energy transfer between porphyrinic PSs and DAE photoswitches.[@cit11],[@cit33]--[@cit36] Despite the progress made, one fundamental roadblock that hampers the use of these photoactivatable systems for PDT is that activation of the DAE derivatives and excitation of PSs require irradiation with two different wavelengths of visible light.[@cit11],[@cit33]--[@cit36] Apparently, shifting such light sensitivities from the visible light range to the near-infrared (NIR) window would be more desirable due to its superior tissue penetration, which would allow for remote activation of PDT with relatively low interference and high precision.[@cit16]

Thus motivated, here we report the development of a 980 nm NIR light photosensitized system, whose ^1^O~2~ generation activity can be remotely activated by 808 nm NIR light irradiation ([Scheme 1](#sch1){ref-type="fig"}). The nanoarchitecture was composed of a lanthanide-doped upconversion nanoparticle (UCNP) core and a mesoporous silica (MSN) shell, wherein the porphyrin PSs were covalently embedded inside the silica walls while the NIR-responsive DAE molecules were loaded in the mesopores in close proximity to the PSs. UCNPs, capable of upconverting NIR light into tunable shorter-wavelength UV and visible light *via* the multiphoton processes,[@cit37]--[@cit39] have emerged as a promising platform to enable the delivery of light to deep tissues for various applications, including bioimaging,[@cit40]--[@cit44] spatiotemporally regulated biosensing,[@cit45]--[@cit47] optical memory,[@cit48] optogenetics,[@cit49] and controlled drug release.[@cit50]--[@cit52] In particular, UCNPs have been widely used as light transducers to activate PSs with NIR light for improved PDT performance in deep tissues.[@cit53]--[@cit55] Despite the progress made, to the best of our knowledge, building a smart "activatable" UCNP-PDT system with precisely controlled ^1^O~2~ generation has not yet been realized to date. In our nanoconstruct, the visible upconversion luminescence (UCL) of UCNPs (upon 980 nm light irradiation) overlays well with the broad absorption spectrum of PSs, and enables efficient energy transfer from the UCNP core to the PSs, leading to 980 nm light excited ^1^O~2~ production. Moreover, the NIR-responsive DAE molecules installed in the nanopores can noninvasively control this ^1^O~2~ generation activity. The ^1^O~2~ production was inhibited when the DAE is in the closed form (C-DAE) because of the energy transfer from PSs to C-DAE. Upon 808 nm light irradiation, the DAE unit is transformed to the colorless open form (O-DAE), resulting in recovery of the 980 nm light photosensitized ^1^O~2~ generation. Therefore, the nanoarchitecture enables dual NIR light programmed activatable ^1^O~2~ production. Furthermore, the system could be used for imaging-guided PDT *in vitro* and *in vivo* with superior controllability of ^1^O~2~ generation.

![Schematic illustration of the 980 nm NIR light photosensitized UC\@PS/C-DAE nanoconstruct, whose ^1^O~2~ generation capability can be remotely switched on by 808 nm NIR light irradiation.](c9sc03524a-s1){#sch1}

Results and discussion
======================

Preparation and characterization of the nanoarchitecture
--------------------------------------------------------

The UC\@PS/C-DAE was prepared *via* a two-step process, as illustrated in [Fig. 1a](#fig1){ref-type="fig"}. Oleate-capped sandwich-structured NaGdF~4~\@NaGdF~4~:Yb,Er\@NaGdF~4~ UCNPs were first prepared through a seeded-growth method.[@cit56] Yb/Er ions were co-doped in the NPs to achieve visible UCL from Er^3+^ under 980 nm NIR light irradiation (Fig. S1[†](#fn1){ref-type="fn"}). Furthermore, the Er^3+^ ions are precisely doped in the inner shell near the surface of the NPs so that they can be close to external PSs for improving their energy transfer.[@cit55] The outer shell could efficiently enhance the upconversion efficiency *via* preventing the environmental quenching effect (Fig. S2[†](#fn1){ref-type="fn"}). Transmission electron microscopy (TEM) showed that the final UCNPs possess a mean size of ∼32 nm ([Fig. 1b](#fig1){ref-type="fig"}) and an outer shell thickness of ∼3 nm (Fig. S3[†](#fn1){ref-type="fn"}). Next, hydrolysis--condensation of tetra-substituted porphyrin silsesquioxane (TPS) and tetraethyl orthosilicate (TEOS) was performed on the surface of the UCNPs by using cetyltrimethyl ammonium bromide (CTAB) as the template. Tetrakis(4-carboxyphenyl)porphyrin (TCPP) is a widely used porphyrin PS, and its derivatives have been used as PDT agents in clinical applications.[@cit57],[@cit58] In our design, TCPP was modified with four co-condensable alkoxysilane arms to obtain the TPS (see the structure in Fig. S4[†](#fn1){ref-type="fn"}), which would enable covalent incorporation into the silica framework walls during the self-assembly process.[@cit59] This design also allows controllable PS loading and prevents leakage of PSs. Finally, CTAB molecules in the nanopores were removed, and the residual nanopores of the resulting UC\@PS were ready to encapsulate DAE photoswitches through the impregnation process. The NIR-responsive DAE molecules were synthesized according to our previous reports.[@cit60] The loading content of DAE in the system was calculated to be 8 wt% (Fig. S5[†](#fn1){ref-type="fn"}). The core--shell mesostructure enabled close proximity of TCPP to both the UCNP core and DAE in the nanopores, which is indispensable for efficient energy transfer.

![(a) Schematic showing the synthesis procedure of UC\@PS/C-DAE. TEM image of (b) the sandwich-structured UCNPs and (c) UC\@PS. (d) HAADF-STEM image and elemental mapping images of UC\@PS. (e) EDS line scan profiles of UC\@PS nanoparticles. (f) TG curves of free TCPP and UC\@PS. (g) UCL spectrum of UC\@MSN and absorption spectrum of UC\@PS. The overlapping of spectra is indicated in orange. (h) UCL spectra of UC\@MSN and UC\@PS. Inset: UCL decay curves of UC\@MSN and UC\@PS (*λ*~ex~ = 980 nm, *λ*~em~ = 542 nm).](c9sc03524a-f1){#fig1}

[Fig. 1c](#fig1){ref-type="fig"} shows the representative TEM images of UC\@PS. The core--shell structure is clearly identified with characteristic worm-like mesopores in its silica shell. The silica shell is around 8 nm (Fig. S3[†](#fn1){ref-type="fn"}). Dynamic-light-scattering analysis indicated that UC\@PS had an average hydrodynamic diameter of 182 ± 30 nm (Fig. S6[†](#fn1){ref-type="fn"}). The composition information of the nanoconstruct was evaluated in detail with high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM). As shown in [Fig. 1d](#fig1){ref-type="fig"}, elemental mapping investigation of Gd and Si in the nanoconstruct confirms the core--shell structure in terms of the compositional distributions. This structure was also verified by HAADF-STEM-EDS line scanning analysis of single nanoparticles ([Fig. 1e](#fig1){ref-type="fig"}). The UCNP\@PS showed a typical UV-vis absorbance and fluorescence spectrum of TCPP (Fig. S7[†](#fn1){ref-type="fn"}), indicating the successful encapsulation of TCPP PSs in the nanostructures. The content of TCPP units in the UCNP\@PS was calculated to be around 18 wt% based on thermogravimetry and differential thermal analysis (TG-DTA) ([Fig. 1f](#fig1){ref-type="fig"} and S8[†](#fn1){ref-type="fn"}). The UCL spectra of the MSN-coated UCNPs with and without PSs embedded in the silica walls were subsequently measured. When the pure MSN coated UCNPs (UC\@MSN) were illuminated with 980 nm NIR light, the Yb^3+^ ions absorb photons and transfer energy to Er^3+^ ions, resulting in typical UCL peaks at 522, 542 and 657 nm ([Fig. 1g](#fig1){ref-type="fig"}). For UC\@PS, characteristic Q-bands of TCPP PSs at 517, 552, 593, and 648 nm were observed in the UV-vis absorption spectrum, which overlaps well with the UCL of UC\@MSN ([Fig. 1g](#fig1){ref-type="fig"}). This spectral overlapping and confined location of the PSs on the surface of UCNPs could induce energy transfer from the UCNP core to PSs within the silica shell. The efficient energy transfer between them was confirmed by the strong decrease of the Er^3+^ UCL after incorporation of PSs ([Fig. 1h](#fig1){ref-type="fig"}). The ratio of green to red UCL (*I*~542~/*I*~657~ = 4.6) of the UC\@PS is decreased in comparison with that of UC\@MSN (*I*~542~/*I*~657~ = 7.6) due to the relatively more overlapping of the absorption spectrum of PSs with the green UCL of UCNPs. The energy transfer process was also confirmed by time-resolved photoluminescence measurements. The UCL decay curves of UC\@MSN and UC\@PS are shown in the inset of [Fig. 1h](#fig1){ref-type="fig"}, revealing an obvious decrease of the UCL lifetime at 542 nm (from 165 to 114 μs) upon the PS loading.

Dual NIR light-programmed singlet oxygen generation
---------------------------------------------------

Next, we investigated on-demand manipulation of the photochemical properties of UC\@PS with the NIR-responsive DAE photochromic switches. As shown in [Fig. 2a](#fig2){ref-type="fig"} and S9[†](#fn1){ref-type="fn"}, under 808 nm light irradiation, the UV-vis-NIR absorption spectrum of the C-DAE showed that the peak in the vis-NIR range (the maximum absorbance at 712 nm) disappeared and the peak in the UV range below the isosbestic point of 378 nm gradually increased in intensity, indicating the transformation of DAE from C-DAE to O-DAE. Simultaneously, the DAE solution gradually changed from dark green to colorless ([Fig. 2a](#fig2){ref-type="fig"}, inset). Upon irradiation with UV light, the obtained colorless solution of O-DAE turned dark green again and a nearly complete recovery of the absorption spectrum of C-DAE was achieved ([Fig. 2a](#fig2){ref-type="fig"} and S10[†](#fn1){ref-type="fn"}), indicating the reversible transformation. Furthermore, the photo-switchable interconversion of DAE could be repeated at least ten times without any appreciable light fatigue phenomenon ([Fig. 2b](#fig2){ref-type="fig"}). The emission spectrum of UC\@PS shows an emission maximum of TCPP PSs at 653 nm, which overlaps well with the absorption band of C-DAE in the vis-NIR range but not with that of O-DAE ([Fig. 2c](#fig2){ref-type="fig"}). Such a distinctive spectral overlap enables different energy transfer pathways for the PSs to regulate their fluorescence and ^1^O~2~ generation. Upon irradiation of UC\@PS/C-DAE with 808 nm light for up to 30 s, the emission at 653 nm increased by around 6-fold ([Fig. 2d](#fig2){ref-type="fig"} and S11[†](#fn1){ref-type="fn"}), suggesting inhibitory energy transfer from PSs to the O-DAE. As expected, the fluorescence intensity decreased when the 808 nm light-irradiated solution was further treated with 365 nm irradiation because of the reverse photoisomerization from O-DAE to C-DAE ([Fig. 2d](#fig2){ref-type="fig"} and S12[†](#fn1){ref-type="fn"}). Significantly, this cycle of fluorescence switching on/off could be repeated at least ten times, indicating the good fatigue resistance of the dual-state nanoconstruct ([Fig. 2e](#fig2){ref-type="fig"}).

![(a) UV-vis-NIR absorption spectra and (b) absorption intensity changes at 712 nm of the photochromic DAE upon alternating UV (365 nm, 5 mW cm^--2^, 1 min) and NIR (808 nm, 0.25 W cm^--2^, 30 s) light irradiation. The inset in (a) shows the changes of its photographic image. (c) UV-vis-NIR absorption (Abs.) spectra of two different forms of DAE and the fluorescence spectrum of UC\@PS. The overlapping of spectra is indicated in orange. (d) Fluorescence spectra and (e) fluorescence intensity changes at *λ*~max~ = 653 nm of UC\@PS/C-DAE upon alternating UV (365 nm, 5 mW cm^--2^, 1 min) and NIR (808 nm, 0.25 W cm^--2^, 30 s) light irradiation (*λ*~ex~ = 420 nm). The inset in (e) shows the changes of its photographic fluorescence image. (f) Singlet oxygen generation by UC\@PS and UC\@PS/DAE upon irradiation with light of different wavelengths in water (808 nm, 0.25 W cm^--2^, and 980 nm, 1.2 W cm^--2^), detected by SOSG assay. Data are means ± SD; *N* = 3.](c9sc03524a-f2){#fig2}

Then, activatable ^1^O~2~ generation of the nanoconstruct was investigated using a typical ^1^O~2~ indicator, namely SOSG due to its increased fluorescence in the presence of ^1^O~2~ ([Fig. 2f](#fig2){ref-type="fig"}). The SOSG fluorescence intensity in UC\@PS solution was almost unchanged without irradiation, while irradiation with 980 nm laser light for 30 min led to a 4.1-fold fluorescence enhancement. As a control, the TPS molecule itself could not produce ^1^O~2~ upon the 980 nm laser irradiation (Fig. S13[†](#fn1){ref-type="fn"}). The results indicated that the UCNPs could efficiently transfer photon energy to the PSs in the silica walls, leading to ^1^O~2~ generation from surrounding oxygen molecules. In addition, the ^1^O~2~ produced by UC\@PS showed a shorter lifetime (5.0 μs) compared with that of a free PS (TCPP) (6.8 μs), which could be attributed to the quenching effect of the silica microenvironment.[@cit61] In contrast, a slightly increased SOSG fluorescence was observed for UC\@PS/C-DAE after 980 nm irradiation, indicating the suppression of the photosensitizing ability of UC\@PS after loading with C-DAE in its nanopores. Upon irradiation of the UC\@PS/C-DAE with 808 nm laser light for 30 s, the increased SOSG fluorescence intensity (3.8-fold) was comparable to that for UC\@PS under 980 nm excitation, suggesting a recovery of the ^1^O~2~ generation capability. Taken together, the excited state of the PS can be quenched *via* the energy transfer from the PS to C-DAE, and thus the 980 nm light-excited ^1^O~2~ production is inhibited. Conversely, ^1^O~2~ can be efficiently generated when the energy transfer between the PS and O-DAE is inhibited (Fig. S14[†](#fn1){ref-type="fn"}).

In the reported systems for controlling ^1^O~2~ generation based on the combination of porphyrinic PSs with visible light-responsive DAE molecules, the excitation of PSs and activation of the DAE require visible light of two different wavelengths.[@cit11],[@cit33]--[@cit36] In our design, UCNPs were employed as a transducer that can generate visible light *in situ* upon NIR light irradiation, allowing for 980 nm light excited ^1^O~2~ generation. Moreover, an 808 nm NIR light-responsive DAE molecule was synthesized and used as an additional tool for regulation of ^1^O~2~ generation. Therefore, the nanoconstruct enables shifting of both the light wavelengths for excitation of PSs and activation of DAE to the biological window, allowing dual NIR light-programmed activatable ^1^O~2~ production. We then compared the ^1^O~2~ generation efficacy of our system *versus* free PSs at the deep tissue level. As shown in Fig. S15[†](#fn1){ref-type="fn"}, free PSs excited by 640 nm visible light generated much more ^1^O~2~ compared to UC\@PS/O-DAE excited by 980 nm NIR light. However, the ^1^O~2~ generation of TCPP significantly decreased by ∼70% and ∼99% when the 640 nm light was blocked by pork tissues of 3 mm and 7 mm, respectively. In contrast, ^1^O~2~ generated by UC\@PS/O-DAE reduced by ∼8% and ∼50% when the 980 nm light was blocked by pork tissues with the same thicknesses, respectively. Notably, UC\@PS/O-DAE produced more ^1^O~2~ than TCPP when using 7 mm thick pork tissues under different light sources. Therefore, this result validates the advantage of using UCNPs as transducers for NIR light triggered ^1^O~2~ production at the deep-tissue level.

Activatable bioimaging and dual NIR light-controlled PDT
--------------------------------------------------------

Having confirmed dual NIR light controlled ^1^O~2~ generation in solution, we then evaluated the applicability of the nanoconstruct for activatable PDT in cancer cells. As shown in [Fig. 3a](#fig3){ref-type="fig"}, the 4T1 breast cancer cells treated with UC\@PS displayed a strong red fluorescence from the PSs. In contrast, the cells treated with UC\@PS/C-DAE showed much less fluorescence because of the proposed energy transfer between the PS and the C-DAE. Notably, upon irradiation of the resulting cells with 808 nm laser light (0.5 W cm^--2^, 3 min), the cells showed a significantly increased red fluorescence as intense as that of cells treated with UC\@PS, suggesting activatable bioimaging in living cells. To validate these results by confocal microscopy, we quantified the cellular fluorescence signals using flow cytometry ([Fig. 3b and c](#fig3){ref-type="fig"}). The results showed that UC\@PS/C-DAE displayed a 3.3-fold increase in cellular fluorescence intensity upon 808 nm light irradiation.

![(a) CLSM images of 4T1 cells with different treatments. Nuclei stained with Hoechst 33342. For TCPP images, *λ*~ex~ = 633 nm, *λ*~em~ = 675--725 nm. Scale bar: 20 μm. (b) Flow cytometry showing the fluorescence of 4T1 cells with different treatments. (c) Quantification of the flow cytometric data in (b). Data are represented as means ± SD (*N* = 3).](c9sc03524a-f3){#fig3}

We then investigated the 808 nm light-activated ^1^O~2~ generation by the nanoconstruct in cells using an intracellular ^1^O~2~ indicator (dichlorofluorescein diacetate (DCF-DA)) ([Fig. 4a](#fig4){ref-type="fig"}). Nonfluorescent DCF-DA can be oxidized to dichlorofluorescein (DCF) with increased fluorescence by ^1^O~2~. The 4T1 cells treated with UC\@PS without 980 nm light irradiation showed negligible fluorescence of DCF (Fig. S16[†](#fn1){ref-type="fn"}). After 980 nm light irradiation (1.2 W cm^--2^, 20 min, 5 min break after 1.5 min irradiation to avoid the potential heating effect), the cells treated with UC\@PS exhibited highly intense green fluorescence of DCF. In contrast, minimum fluorescence was seen in cells treated with UC\@PS/C-DAE followed by 980 nm light irradiation ([Fig. 4a](#fig4){ref-type="fig"}), suggesting that the ^1^O~2~ generation capability of the nanoconstruct was inhibited. Upon activation of the nanoconstruct with 808 nm light, the 980 nm light-excited ^1^O~2~ generation recovered in cells, confirming the activatable behavior. These results were further validated using flow cytometry ([Fig. 4b and c](#fig4){ref-type="fig"}). For the UC\@PS/C-DAE treated group, a 2.2-fold increase in fluorescence intensity of DCF was observed with 808 nm light activation.

![(a) CLSM images of 4T1 cells after different treatments. DCF-DA was used as an indicator of ^1^O~2~ in cells. Nuclei stained with Hoechst 33342. For DCF-DA images, *λ*~ex~ = 488 nm, *λ*~em~ = 535--585 nm. Scale bar: 20 μm. (b) Flow cytometry showing the fluorescence of 4T1 cells with different treatments. (c) Quantification of the flow cytometric data in (b). Data are represented as means ± SD (*N* = 3). (d) Cytotoxicity assay of 4T1 cells incubated with different concentrations of UC\@PS without or with 980 nm irradiation. (e) Cytotoxicity assay of the cells with different treatments. (1) Saline, (2) 980 nm, (3) 808 nm + 980 nm, (4) UC\@PS, (5) UC\@PS + 980 nm, (6) UC\@PS + 808 nm + 980 nm, (7) UC\@PS/C-DAE, (8) UC\@PS\@C-DAE + 980 nm, and (9) UC\@PS/C-DAE + 808 nm + 980 nm. Data are represented as means ± SD (*N* = 4). For the irradiation, 808 nm (0.5 W cm^--2^, 3 min) and 980 nm (1.2 W cm^--2^, 20 min, 5 min break after 1.5 min irradiation) were applied.](c9sc03524a-f4){#fig4}

The *in vitro* PDT efficacy against 4T1 cells was then evaluated. UC\@PS showed a dose-dependent PDT efficacy upon 980 nm light irradiation ([Fig. 4d](#fig4){ref-type="fig"}). The treatment with only NIR light, UC\@PS or UC\@PS/C-DAE led to a negligible change of the cell viability ([Fig. 4e](#fig4){ref-type="fig"}), suggesting the good biocompatibility of the nanoparticles. In particular, the cells treated with UC\@PS/C-DAE and subsequent 980 nm light irradiation showed no apparent PDT effect, confirming our hypothesis that its ^1^O~2~ production could be inhibited in live cells. Furthermore, the PDT efficacy of UC\@PS/C-DAE can be efficiently switched on by 808 nm NIR light irradiation, enabling obvious cytotoxicity to cancer cells.

Inspired by the good performance of the nanoconstruct *in vitro*, we further examined the activatable PDT *in vivo*. The 4T1 tumor-bearing mice were injected with UC\@PS or UC\@PS/C-DAE. For the groups treated with NIR irradiation, the tumor site was illuminated with an 808 nm laser or/and 980 nm laser 30 min postinjection. The mice treated with UC\@PS/C-DAE and 808 nm light irradiation showed strong fluorescence of PSs at the tumor site, comparable to the UC\@PS group, but much higher than that in the nonirradiated UC\@PS/C-DAE group at each tested time point (*e.g.*, ∼4-fold higher at 3 h post-injection) ([Fig. 5a and b](#fig5){ref-type="fig"}). The UC\@PS group showed similar fluorescence intensity at the tumor site with and without 808 nm irradiation (Fig. S17[†](#fn1){ref-type="fn"}). These results indicated that an increased intratumoral fluorescence signal in the UC\@PS/C-DAE + 808 nm group was indeed due to 808 nm light-triggered transformation of C-DAE to O-DAE.

![(a) Representative time-dependent *in vivo* fluorescence imaging of 4T1 tumor-bearing mice after exposure to different treatments. The arrows show the tumor sites. *λ*~ex~ = 640 nm, *λ*~em~ = 700 nm. (b) Quantitative analysis of intratumoral fluorescence intensity over 24 h after different treatments, data normalized to the intensity at 0 h. Data are means ± SD; *N* = 4. (c) The 4T1 tumor growth curves after different treatments ((1) saline, (2) saline + 980 nm, (3) saline + 808 nm + 980 nm, (4) UC\@PS, (5) UC\@PS + 980 nm, (6) UC\@PS + 808 nm + 980 nm, (7) UC\@PS/C-DAE, (8) UC\@PS\@C-DAE + 980 nm, and (9) UC\@PS/C-DAE + 808 nm + 980 nm). Data are means ± SD; *N* = 5. \*\*\**P* \< 0.001. For the irradiation, 808 nm (1.0 W cm^--2^, 10 min) and 980 nm (1.2 W cm^--2^, 20 min) lasers were applied. (d) Histological images of the tumor sections on day 14 post various treatments. The tissues were stained with H&E and TUNEL, respectively. Scale bar: 100 μm.](c9sc03524a-f5){#fig5}

Finally, NIR light activated PDT *in vivo* was evaluated. As shown in [Fig. 5c](#fig5){ref-type="fig"}, no obvious difference in the final size of tumor was observed in saline, saline + 808 nm, and saline + 808 nm + 980 nm treated groups, suggesting that NIR irradiation itself had no effect on tumor growth. The tumor growth of mice treated with UC\@PS + 980 nm was efficiently delayed, while UC\@PS without irradiation showed no impact on tumor progression, indicative of 980 nm light-excited PDT. It is noteworthy that treatment with UC\@PS/C-DAE + 980 nm showed no obvious anti-tumor effect, while in the group treated with UC\@PS/C-DAE + 808 nm + 980 nm, the tumor growth was completely suppressed, confirming the dual NIR light controlled therapeutic effect. The body weight of the mice showed no obvious change throughout the entire treatment (Fig. S18[†](#fn1){ref-type="fn"}). The histologic images obtained using hematoxylin and eosin (H&E) staining showed that the activation with 808 nm light induced much more tumor cell death than in the non-activated groups ([Fig. 5d](#fig5){ref-type="fig"}). Furthermore, in the images obtained with the TUNEL assay, a much higher level of cell apoptosis was observed in the harvested tumor from the mice treated with UC\@PS/C-DAE and dual NIR light irradiation than that in control groups ([Fig. 5d](#fig5){ref-type="fig"}). Collectively, these results verified that the nanoplatform allows NIR-controlled activatable PDT *in vivo*.

Conclusions
===========

In summary, we developed a 980 nm NIR light photosensitized nanoconstruct, whose activity can be remotely activated by irradiation with a distinct NIR wavelength (808 nm) for controllable ^1^O~2~ generation. Identification of a UCNP core with wavelength-converting ability and subsequent, controlled organization of porphyrin PSs and NIR-responsive photochromic switches on its surface led us to a nanoconstruct whose PDT capacity could be activated under 808 nm light irradiation. Importantly, the system enables shifting of the activating light from the visible range toward the NIR window. This nanoconstruct also reveals great advantages for efficient delivery of an integrated photosensitizing system in living cells, allowing activatable PDT *in vitro* and *in vivo* with efficient control of ^1^O~2~ release. This systemic platform provides a general solution to overcome the limitation of the photoactivatable PDT associated with the necessary use of visible light as an external regulatory tool.
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